Mechanical properties and precipitation structures of Al-Li-Mg-Zr alloys containing Ti and/or V were investigated. In our earlier work, the Al-3 mass%Li-0.2 mass%Zr-0.1 mass%Ti and the Al-3 mass%Li-0.2 mass%Zr-0.1 mass%V quaternary alloys have shown the magnificent mechanical properties due to the grain refinement and the fine precipitates which consist of both the metastable Al 3 (Zr, Ti or V)-Al 3 Li composite precipitates and δ (Al 3 Li) precipitates. In this work, it was observed that, addition of magnesium from zero to 2 mass% in Al-3 mass%Li-0.2 mass%Zr-0.1 mass%Ti alloy or in Al-3 mass%Li-0.2 mass%Zr-0.1 mass%V alloy magnifies the proof and tensile strengths. The Al-3 mass%Li-1.0 mass%Mg-0.2 mass%Zr-0.1 mass%Ti alloy aged at 473 K for 4 h elongates 6-7% with high ultimate tensile strength about 520-540 MPa. But raising the magnesium content to 2 mass%, the elongation decreases to a value of about 4% with a significant increase in proof strength at the same age condition. It is verified that the magnesium content influences significantly the size and number density of δ precipitates.
Introduction
Addition of lithium in aluminum base alloys lightens themselves, and increases elastic modulus. [1] [2] [3] Al-Li alloys are strengthened by the precipitation of a high volume fraction of the metastable coherent phase δ (Al 3 Li). 4, 5) However, with the considerable strengthening due to the δ precipitation, these alloys show commercially unacceptable ductility and fracture toughness. During plastic deformation, these δ precipitates may be cut off by dislocations gliding on the same slip planes, 6, 7) such as Ti-Al alloys strengthened by Ti 3 Alprecipitates, 8) and this may reduce the ductility of alloys especially possessing large grain size.
Conventionally, zirconium is used in various wrought Al-Li alloys to refine the grain and inhibit recrystallization. 9) However, in previous works, 9, 10) Al-3 mass%Li-0.2 mass%Zr alloy shows lower elongation of about 3-4%, and possesses an ultimate tensile strength about 370 MPa in peak age condition. In our previous work, the Al-3 mass%Li-0.2 mass%Zr-0.1 mass%V alloy 11) and the Al-3 mass%Li-0.2 mass%Zr-0.1 mass%Ti alloy 12) show elongations of about 5-6 and 7-9% with high ultimate tensile strengths about 450-480 and 450-470 MPa in peak age condition, respectively. Tsunekawa et al. 13) and Zadalis et al. 14) have reported that the addition of titanium or vanadium to Al 3 Zr reduces the lattice mismatch between the c-axis of Al 3 (Zr, Ti) or Al 3 (Zr, V) of DO 23 structure and the a-axis of aluminum, and thereby reduces the interfacial energy and the coarsening rate of the Al 3 (Zr, Ti) or Al 3 (Zr, V) particles in the aluminum matrix. Furthermore, V. R. Parameswaran et al. 15) and Han et al. 16) reported that the L1 2 metastable structures of Al 3 (Zr, Ti) in Al-Zr-Ti alloys and Al 3 (Zr, Ti, V) in Al-Zr-Ti-V alloys become stable at elevated temperature. We considered that the addition of Ti or V to Al-Li-Zr alloy improving the tensile * Present address: TEPIA Environment Design Co., Ltd., Osaka 542-0082, Japan.
properties is in connection with the densely dispersed precipitates of Al 3 (Zr, Ti) and Al 3 (Zr, V) phases of L1 2 structure. For further increasing in the strength of the alloys without unacceptable loss of the ductility, we considered that the addition of magnesium might be helpful. This is because magnesium has the effect to delay the vacancy migration, 17) and thereby lowers the growth rate of δ . We can thus expect to obtain smaller δ particles and strengthened alloy. In this paper, we investigated the effect of addition of magnesium on the mechanical properties and δ precipitation in an Al-Li-Zr-Ti and in an Al-Li-Zr-V alloy.
Experimental Procedure
Ingots of Al-Li-Zr-Mg alloys containing titanium and/or vanadium were prepared by pure aluminum (99.99 mass%), pure magnesium and appropriate master alloys (Al-18.5 mass%Li, Al-5.22 mass%Zr, Al-5.14 mass%Ti and Al-5.0 mass%V). The ingots of these alloys 20 mm in diameter and 150 mm in length were prepared by melting at a temperature of 1173 K, and casting into an iron mold under Ar gas atmosphere. The concentration of Li is between 2.4-2.6 mass%, which is estimated from the density of these alloys. After casting, these alloys were homogenized in a furnace at 793 K for 2 h, and then hot-swaged to 9 mm in diameter with an interval of 15 min. After solution treatment at 793 K for 2 h, and quenching into iced water, aging treatments were performed at 473 K for 4 (peak-age) and 150 h (over-age). All of the heat treatments were carried out in air. The heat treatments of the commercial 8090 alloy were carried out at the same conditions. Tensile test pieces of 100 mm in length and 4.5 mm in diameter were prepared parallel to the longitudinal direction of the hot-swaged rods. Tensile tests were performed at room temperature and at a strain rate of 8 × 10 −4 s −1 . Vickers microhardness (VHM) tests were carried out under the load of 200 g for 20 s. Scanning electron microscopy (SEM) observation was done on the fracture surface of the tested pieces. The thin foils for transmission electron microscopy (TEM) were prepared by electropolishing in a methanol solution containing 30 vol%HNO 3 cooled to −20
• C. The composition of the alloys used in this investigation is given in Table 1 . Figure 1 shows Vickers microhardness of Al-Li-Zr-Mg alloys containing Ti and/or V as a function of aging time up to 150 h at 473 K. Hardness of all the alloys reaches the maximum by aging about 4 h, followed by a decrease in the hardness due to the coarsening of δ precipitates. The VHM value of the alloy containing 1 mass%Mg is slightly lower than the other alloys containing 2 mass%Mg. The simultaneous addition of Ti and V increases the hardness slightly compared with the addition of Ti or V alone at the same content of magnesium. Figure 2 shows results of tensile tests at room temperature in alloys solution-treated and aged for 4 and 150 h at 473 K. In the alloys solution-treated containing 2 mass%Mg, proof stress and ultimate tensile strength increase about 40 and about 60 MPa, respectively, compared with those in the alloy containing 1 mass%Mg (Fig. 2(a) ). All the alloys elongate 12-15%. In according with the change in Vickers microhardness, both the proof stress and ultimate tensile strength increase with the aging time and achieve the maximum strength at 4 h ( Fig. 2(b) ). Compared with the alloy containing 1 mass%Mg, the alloys containing 2 mass%Mg pro- duce an increase in proof stress of about 40-60 MPa, however, the increase in ultimate tensile strength is small with the low elongation about 4%. The ZT1M, possesses 6.6% elongation with high ultimate tensile strength of 530 MPa in peak age condition. On the other hand, the 8090 alloy, shows the low elongation about 3% with the ultimate tensile strength of about 494 MPa. In over age condition (Fig. 2(c) ), both the proof stress and ultimate tensile strength decrease to the same level in all alloys. Figure 3 shows the relation between elongation and tensile strength of the ZT1M, ZT2M, ZV2M, ZTV2M and Al-3.0 mass%Li binary alloy, and some other alloys previously reported for comparison. The ZT1M indicates the high tensile strength with high elongation. Figures 4-6 show SEM images of fractured surface and corresponding optical micrographs of a longitudinal section of ZT1M, ZT2M and 8090 alloys as-quenched or aged for 4 h at 473 K. In the as-quenched condition, both ZT1M and ZT2M indicate ductile rupture (Fig. 4) . But the fracture mode seems to change to an intergranular one by aging as shown in Fig. 5 . However, in the high magnification micrograph of Fig. 5(b) , it can be seen that the grain boundaries are covered with shallow dimples, indicating the fracture is accompanied with intergranular deformation in some degree. The fracture behavior of ZT2M is similar to that of the ZT1M (Fig. 5(e) ). As shown in Fig. 6 , the 8090 alloy possesses large grain and indicates intergranular fracture. Figure 7 shows dark-field TEM images and the corresponding diffraction patterns of the ZT1M ((a), (b)), the ZT2M ((c), (d)), the bright-field TEM image of AT2M (e), and the brightfield TEM image and the corresponding diffraction pattern of 8090 alloy ((f), (g)) aged at 473 K for 4 h. In the ZT1M, δ precipitates formed homogeneously without precipitate free zones (PFZ) (Figs. 7(a), (b) ). In the ZT2M, the size distribution of δ is similar to that of the ZT1M alloy (Figs. 7(c),  (d) ). However, PFZ was observed along grain boundaries (Fig. 7(e) ). For comparison, we examined the size distribu- tion of δ in Al-Li-Zr-Ti (Fig. 8) and Al-Li-Zr-V alloys aged at 473 K for 4 h. In both the Al-Li-Zr-Ti and Al-Li-Zr-V alloys, the average sizes of δ precipitates are 12 nm. However, in the ZT1M and ZT2M containing magnesium, the average sizes of δ precipitates are 8 and 6 nm, respectively. The Al 3 (Zr, Ti)-Al 3 Li composite precipitates observed in Al-LiZr-Ti alloy aged at 473 K for 4 h as shown in Fig. 8 were not formed in the present alloys aged at the same condition. In both the ZT1M and the ZT2M, no ternary equilibrium T (Al 2 LiMg) precipitates are formed, because solubility limit of Mg in Al-Li is < 2 mass%. 18, 19) On the other hand, in 8090 alloy, beside the δ precipitates, the S (Al 2 CuMg) is observed as shown in Figs. 7(e) and (f).
Results

Discussion
Addition of magnesium content from 0 to 2 mass% raises the proof and tensile strength. In binary Al-Mg alloy, every 1 mass%Mg addition increases proof strength of about 20 MPa. 9) However, in ZT1M, ZT2M, ZV2M and ZTV2M, every 1 mass%Mg addition increases proof stress of about 40-60 MPa at peak age condition. These results indicate that the addition of a small amount of magnesium to Al-Li-ZrTi and Al-Li-Zr-V system induces hardening these alloys. The increment of hardening is more significant than that can be explained by a simple solid solution hardening. The remarkable increase in proof strength can be explained by the fact that the presence of magnesium refines the size and increases the number density of δ precipitates. Hirosawa et al. 17) suggested that a small addition of magnesium to Libearing alloys markedly retards the growth rate of δ phase (and/or its precursory structures) at low-temperature due to the higher activation energy for precipitation compared with that in the Mg-free alloys. Furthermore, the lower growth rate of δ phase is well explained by the pronounced decrease in free-vacancies available for lithium diffusion due to the preferential vacancy trapping by Mg atoms in connection with the relatively high Mg-vacancy binding energy. 20) In the present alloys, the fracture mode changes to an intergranular one by aging, but the grain boundaries are covered with shallow dimples, indicating the fracture is accompanied with intergranular deformation in some degree. It seems that increasing in concentration of magnesium promotes the formation of PFZ. The PFZ is soft with regard to the agehardened matrix and can preferentially deform during tensile can be observed when the δ phase formed a complete shell around the Al 3 Zr, Al 3 (Zr, Ti) and Al 3 (Zr, V) particles at peak age condition or over age condition. However, in the present alloys, the Al 3 (Zr, Ti)-Al 3 Li and Al 3 (Zr, V)-Al 3 Li composite precipitates were not formed at peak age condition. The presence of magnesium may prevent the formation of δ shell.
Summary
Al-Li-Mg-Zr alloys containing Ti or/and V were prepared and the effects of magnesium on δ precipitation and mechanical properties were investigated. The summary is as follows:
(1) Hardness of all the alloys reaches the maximum VHM value of about 155 by aging at 473 K for about 4 h due to the precipitation of δ phase.
(2) The grain size of both the ZT1M and ZT2M measured in the transverse direction of the hot-swaged rods is about 13 µm.
(3) The addition of magnesium significantly refines the size and increases density of δ precipitates. In both the AlLi-Zr-Ti and Al-Li-Zr-V quaternary alloys aged at 473 K for 4 h, the average size of δ precipitates are 12 nm. However, in the ZT1M and ZT2M containing magnesium, the average sizes of δ precipitates decreased to 8 and 6 nm, respectively. Every 1 mass% magnesium increases in the proof stress of about 40-60 MPa at peak age condition due to the refined δ precipitates. The Al-3 mass%Li-0.2 mass%Zr-0.1 mass%Ti-1 mass%Mg (ZT1M) alloy elongates 6-7% with 0.2% proof and ultimate tensile strength of about 410 and 520-540 MPa, respectively. test led to the concentration of stress on grain boundary.
In an Al-Li-Zr alloy, the Al 3 Zr particles were not imaged in a superlattic dark field image. This can be explained by the formation of the Al 3 (Li x , Zr 1−x ) particles in the alloy, the structure factor of which is zero at suitable x value. 21) But the Al 3 Zr-Al 3 Li 10, 21) and Al 3 (Zr, Ti)-Al 3 Li in Al-Li-ZrTi alloys 12) and Al 3 (Zr, V)-Al 3 Li in an Al-Li-Zr-V alloy 11) 
